Abstract: A rapid immobilization method for cellulase was developed. Functional graphene oxide was synthesized and grafted with hydrophobic spacer P-β-sulfuric acid ester ethyl sulfone aniline (SESA) though etherification and diazotization. The functionalized graphene oxide was characterized by Fourier-transform infrared spectroscopy and was used as the carrier for the immobilization of cellulase via covalent binding. The immobilization of cellulase was finished in a very short time (10 min) and very high immobilization yield and efficiency of above 90% were achieved after optimization. When compared with the free cellulase, thermal and operational stabilities of the immobilized cellulase were improved significantly. At 50 °C, the half-life of the immobilized cellulase (533 min) was six-fold higher than that of the free cellulase (89 min). Additionally, the affinity between immobilized cellulase (Km = 2.19 g L −1 ) and substrate was more favorable than that of free cellulase (Km = 3.84 g L −1 ), suggesting the immobilized cellulase has higher catalytic efficiency. The possible immobilization mechanism was proposed. The results strongly indicate that the immobilization is highly efficient and has great potential for the immobilization of other enzymes.
Introduction
Cellulase (E.C 3.2.14) is widely used in the detergent, food, textile, and animal husbandry industries. It can catalyze hydrolyzing β-1,4-glycosidic bonds of the cellulosic materials to produce glucose that could be further bioconverted into bioethanol [1] . Because cellulosic materials are the most abundant materials and renewable resource in the world, the enzymatic conversion process for biofuels has enormous potential and it been received increasing attentions. However, free cellulase is inevitable to have some drawbacks such as instability, difficult separation from the reaction solution, and low reuse possibility [2] . In order to overcome these shortcomings, immobilization was introduced to improve the performance of cellulase in the biocatalysis, finally to lower the cost to meet the industrial requirements.
In the past few years, cellulase has been immobilized with various methods. Mabarak et al. [3] immobilized cellulase onto multiwall carbon nanotubes with adsorption, and the immobilized enzyme retained 52% initial activity after six cycles. When compared with the adsorption, covalent binding is more attractive because of the stable covalent bonds formed during the immobilization. Cellulase was covalently immobilized onto magnetic chitosan nanoparticles [4] and polyaniline coated polymer microspheres [5] , Au-nanoparticles [6] , pH-sensitive copolymer [7] , and the high stability and reusability of the immobilized enzyme were achieved in these research works.
Immobilization of an enzyme involves the interactions between the enzyme and the carrier [8] [9] [10] [11] [12] . The properties of the carrier play an important role and normally the carrier should have large surface area [13] [14] [15] . Graphene with a lamellar structure has many industrial applications due to its unique physical and electronic properties [16] . Graphene oxide (GO), as an oxygenated of graphene, has gained increasing attention for its application in biotechnology because it contains oxygencontaining functional groups such as epoxide, hydroxyl, and carboxylic acids [17] . In addition, GO has some significant advantages, including easy processing, simple production from graphite, and available sites for functionalization [18] . Particularly, GO is afforded an ideal carrier for enzyme immobilization after functionalization, and it has been used as the carrier for immobilization of enzymes [2, [19] [20] [21] [22] .
Appropriate spacer between the enzyme and carrier has been proved to improve the activity of the immobilized enzyme [23] . In the immobilization of trypsin, PEG-diamine, aldehyde dextran, amino dextran, and bovine serum albumin (BSA) spacers were investigated. It is indicated that longer spacers are required for the efficient immobilization of enzymes onto solid carriers because they will minimize steric hindrance and environmental effects that are imposed by the surface properties of the matrices [24] . However, when poly glycine linker was used as the spacer for immobilization of α-chymotrypsin onto controlled pore glass and polyethylene glycol copolymer cross-linked with polyacrylamide, it was found that 2 glycines were the optimal linker length [25] . Introducing of appropriate spacer will change the unfavorable surface polarity of the carrier, causing the enzymatic denaturation and preventing the steric hindrance [26] .
In the present work, we prepared graphene oxide as carrier for immobilization of cellulase with covalent binding (shown in Scheme 1). The prepared graphene oxide was activated by etherification with p-β-sulfuric acid ester ethyl sulfone aniline (SESA) as a hydrophobic spacer. The obtained SESA-GO was modified by diazotization, and then cellulase was rapidly covalently immobilized onto the activated functional GO. Characterization of the prepared carrier and the final immobilized cellulase were also performed. 
Results

Characterization of Activated Graphene Oxide
The Fourier transform infrared (FTIR) spectra of GO and SESA-GO were presented in Figure 1 . As shown in Figure 1a , the characteristic band of carbonyl groups at ~1710 cm −1 corresponding to v (C=O) of -COOH on the GO, and the C-O vibration of epoxy groups appeared at ~1052 cm −1 before activation. The peak at ~3383 cm −1 and ~1618 cm −1 corresponded to the O-H and C=C vibration, respectively. The peak at ~1710 cm −1 in Figure 1b disappeared which indicated that -COOH was modified obviously.
The morphologies of GO and immobilized cellulase were observed by TEM. Figure 2a shows that irregular sheets of GO with some wrinkles which presented a larger surface area. Cellulase molecular were not observed clearly in Figure 2b . There is not much difference between Figure 2a ,b, indicating that immobilization of cellulase onto the surface of GO did not change the morphology of GO significantly. 
Optimization of the Immobilization Conditions
As shown in Figure 3 , the activity of the immobilized enzyme was increased with the increasing pH in the reactions. The maximum enzyme activity could be obtained when couple pH was 5.0, which is the isoelectronic point of cellulase. If the pH was further increased, the activity of immobilized cellulase would be decreased. The immobilization process time course was checked from 1 min to 60 min. As shown in Figure 4 , immobilization yield and efficiency were increased rapidly when immobilization time was prolonged from 1 to 10 min. After 10 min, the yield and efficiency reached a plateau, and as time was continued to increase to 60 min, the immobilization yield and the activity recovery changed only a little. Obviously, this reaction was finished within 10 min and the optimal immobilization time was determined as 10 min. The immobilization yield and activity recovery for carrier incubated with cellulase solution of different concentrations were shown in Figure 5 . With rising enzyme/support ratio until it reached 4.9 mg g −1 , the yield and efficiency were increased gradually. The maximum yield along with the highest efficiency were achieved at 4.9 mg g −1 and the values were 94% and 91%, respectively. However, further increasing in ratio decreased the immobilization yield and activity recovery linearly, with a similar tendency. 
Characterization of the Immobilized Cellulase
The relative activity of free and immobilized cellulase were evaluated in the pH range from 3.0 to 8.0 and 30 to 80 °C ( Figure 6 ). The maximal activities of the free and immobilized cellulase were observed at pH 5.0, as shown in Figure 6a . The immobilized cellulase showed a significant higher relative activity than that of free cellulase at pH from 3.0 to 6.0. It is noted that the relative activity of immobilized cellulase was approximately two-fold higher than those of free cellulase at pH 3.0~4.0. Figure 6b shows the effect of temperature on the activity of immobilized and free cellulase. The optimal temperature (50 °C) of the immobilized enzyme was the same as the free cellulase. The immobilized cellulase displayed relative higher activities at the temperature range from 30 to 80 °C when compared with the free cellulase. The kinetic parameters Km of the immobilized and free cellulase were calculated with nonlinear regression as shown in Figure 7 , and they were 2.19 g L −1 and 3.84 g L −1 , while Vmax were 0.27 g L −1 min −1 and 0.23 g L −1 min −1 , respectively. The thermal stability and reusability as important parameters for immobilized cellulase were investigated at 50 °C within 3 h, and the results were shown in Figures 8 and 9 . As shown in Figure 8 , the relative activity of free and immobilized decreased with the increase of incubation time, the activity of free cellulase decreased sharply than that of the immobilized cellulase. When the incubation time was raised to 3 h, the immobilized cellulase remained above 85% of its original activity, while the free cellulase was only 67% of its original activity. The thermal deactivation constant (kd) of the immobilized cellulase (0.013) was six-fold lower than that of the free enzyme (0.078). The values of half-lives for the free and immobilized cellulase were 533 min and 89 min, respectively. There is a five-fold improvement than that of the free cellulase. The reusability of the immobilized enzyme was checked, as shown in Figure 9 . It still had 90% and 80% residual activities after four and nine reaction cycles, respectively. 
Discussion
Immobilization of enzymes has received wide attention because of the high cost of enzymes. It is well known that GO contained epoxy, carbonyl, and hydroxyl groups [27] and the modification is easier than other nanoparticles [28] [29] [30] [31] [32] [33] . In our previous work, GO derivatives were used as the carrier for immobilization of cellulose [2] and NADH oxidase [22] , and the immobilized enzyme retain higher stability and good reusability. In the present work, functionalized GO was prepared by etherification and diazotization (Scheme 1). The changes of FTIR peaks indicated that GO was successful prepared and activated. Subsequently, cellulase was covalently coupled onto the functionalized GO, and the factors, including pH, initial concentration of protein and immobilization time were optimized. A high immobilization yield and activity recovery of above 90% were achieved. When compared with the free enzyme, the immobilized cellulase displayed high relative activity in a wide range of pH, especially pH 3-5. It might be induced by covalent immobilization that fixed the configuration of enzyme on the surface of supports, resulting in the tolerability of cellulase to pH in surroundings increased [34] . In addition, owing to the unique properties of functionalized GO, such as high surface area and more binding-sites, the microenvironment of the immobilization process could have been buffered [35] . When compared with free enzyme, the lower Km and the higher Vmax demonstrated the high binding affinity to substrates. The higher relative enzyme activity for immobilized cellulase would be due to the hydrophobic spacer SESA. The proper length and hydrophobic property of the spacer would restrict the immobilized enzyme mobile range and improve the mobile frequency, and thus the immobilized showed higher substrate binding affinity. Another reason for this phenomenon probably is that the activated GO has many hydrophilic groups on the surface that could enrich substrates nearby, and this will present more chances for substrate to bind enzymes.
The immobilized cellulase showed higher relative activity at higher temperatures. It is possible because the functional GO has high special surface area, thermal tolerance, and mechanical hardness. These properties would increase the stabilization of cellulase and could keep its active structure even at a higher temperature [36] . The very good reusability of immobilized cellulase makes the process catalyzed by cellulase much economic. A higher residual activity after reusing was because of the strong covalent bonds between the enzyme molecules and the prepared carrier. The decrease in immobilized enzyme activity was possibly caused by several reasons including unavoidable enzyme deactivation during repeated operation and batch separation.
As an important factor affected the productivity and the economic benefit in the industrial production, the immobilization time was investigated. It is interesting that the immobilization yield reached 90% within 10 min. Comparison with the previous reports [7, [37] [38] [39] (as shown in Table 1 ), the immobilization of cellulase is in this work is quite quick and efficient. The reason might be the contribution of hydrophilic groups of GO and the hydrophobic spacer. In summary, graphene oxide was prepared and modified with SESA for immobilization for cellulase. The immobilization of cellulase was very fast and finished in 10 min. The preparation process is simple and a high activity recovery (above 90%) was obtained. In comparison with the free cellulase, the immobilized enzyme showed higher affinity to substrate. Furthermore, the good reusability and high thermal stability of immobilized cellulase make them rather charming for industrial applications.
Materials and Methods
Materials
Cellulase was obtained from Runyang Co. Ltd. (Wuxi, China). P-β-sulfuric acid ester ethyl sulfone aniline (SESA) was purchased from Sigma-aldrich (St. Louis, MO, USA). Bovine serum albumin from Bio-Rad (Hercules, CA, USA) was used as the standard protein. Carboxyl methyl cellulose (CMC) salt (medium viscosity), graphite powder, sodium nitrite, and the other chemicals were biotechnological or analytical reagents from Sinopharm (Shanghai, China).
Preparation of Functional Graphene Oxide
The synthesis of graphene oxide (GO) via a slight modified method developed by Hummers and Offerman [40] . Briefly, suspended 1 g of graphite powder in 25 mL sulfuric acid (98%) under ice bath, and then added NaNO3 (1 g) and KMnO4 (3 g), respectively. The resultant suspension was vigorous stirred and cooled, so as to maintain the temperature of the mixture under 20 °C. Then, the mixture was heated to 35 °C and was stirred 30 min. The reaction temperature was increased to 90 °C and followed by slowly adding 50 mL of distilled water and stirred 1 h. To stop the oxidation reaction, 40 mL of distilled water and 3 mL of 30% hydrogen peroxide solution were added sequentially. Then, the mixture was filtered, and washed with double-distilled water. The product was then resuspended in double-distilled water, and ultrasonicated 5 min. The resultant nanoparticles were collected by centrifugation and drying 24 h at 40 °C under vacuum.
To successfully obtain the immobilized enzyme via covalent immobilization, the carrier was activated primarily via etherification and diazotization. In brief, dissolve 0.5 g SESA in 6 mL deionized water. The pH was adjusted to 7.0 at 40 °C using 1.0 M Na2CO3. Added 0.5 g of GO into the above solution with stirring, and adjusted the pH to 13.0 with 0.5 M NaOH solution. In order to obtain the SESA-GO, the mixture was subjected to heat 30 min at 100 °C and then washed twice with 0.05 M NaOH solution and deionized water, respectively. Subsequently, SESA-GO was suspended in 5 mL distilled water, and then 2.5 mL HCl (1 M) and 2.5 mL NaNO2 (5%) were added simultaneously. The reaction was sustained 30 min under ice bath for finishing the diazotization. The resultant was washed three times with 0.05 M HCl and dried 12 h with vacuum drier.
Characterization of the prepared particles with Fourier transform infrared (FTIR) spectra was performed with a spectrometer (FT-IR, Thermo NicoletAVATAR-370, Waltham, MA, USA) using the KBr pellet technique. The morphology of materials was observed with Transmission electron microscopy (TEM, Philips Tecnai 12, Holland).
Immobilization of Cellulase
Dispersed 50 mg modified carrier in 0.7 mL citrate buffer (0.1 M, pH 5.0), and added 0.3 mL buffers containing cellulase to start the immobilization. After 1 h reaction at room temperature, the immobilized cellulase was collected by centrifugation and washed three times with citrate buffer (0.1 M pH 5.0). The protein concentration of the supernatant was measured by the Bradford method [41] and the activity of immobilized cellulase was determined. The immobilization yield and activity recovery were calculated, as the follows:
Immobilization yield = 100 × [(ρi−ρw−ρs)/ρi]; Activity recovery = 100 × (αi/αf)
where ρi is the total protein of the crude enzyme preparation; ρw and ρs are the protein content of wash solution and supernatant after immobilization, respectively; αi is the total activity of the immobilized cellulase; and, αf is the total activity of the free cellulase. All of the assays were performed in triplicate.
Enzyme Assay
The activity of cellulase was detected based on the amount of released glucose from CMC solution under the catalysis of cellulase. For free enzyme, 0.25 mL enzyme was pre-incubated 10 min at 50 °C. Then, the mixture of 0.25 mL enzyme that was dissolved in acetate buffer (pH 5.0) and 0.5 mL substrate (w/v = 2%) were incubated at 50 °C for 10 min. Then, added 3 mL DNS to the mixture and terminated the reaction by heating the mixture 5 min in boiled water. The produced reducing sugar was measured with a UV detector (UV-1800, Mapada instrument, Shanghai, China) at 540 nm. For immobilized enzyme, 50 mg of immobilized enzyme was pre-incubated 10 min at 50 °C. Then, 0.5 mL of substrate was added into to react 10 min. The reaction was terminated by adding 3 mL DNS and put into boiled water bath for 5 min. After separation, the supernatant was subjected to determine the concentration of glucose to calculate the activity. One unit (U) of cellulase is defined as the amount of enzyme that hydrolyzes CMC in order to produce 1 mg equivalent of glucose per minute under the assay conditions.
Optimization of Immobilization Conditions
The effect of pH on the immobilization was assessed over the range of pH (3.0-8.0). Similarly, the mixture of varying enzyme/support ratios from 1.9 to 8.7 mg/g in the pH range of 3.0 to 8.0 was reacted in the various time periods ranging from 1 min to 60 min. After certain time intervals, the mixture was separated by centrifugation of 5 min at 12,000 rpm. Subsequently, the amount of the protein in the supernatant was determined. Each experiment was performed in triplicate. The optimization data are presented as the averages of statistically relevant measurements with their associated standard deviation.
Characterization of the Immobilized Cellulase
The effect of temperature on the activities of free and immobilized cellulase was evaluated by assaying the enzyme samples over the range of 30-80 °C for 10 min. To check the effect of pH, activities of immobilized and free cellulase were determined using the standard assay conditions with two buffer systems, citrate buffer (0.1 M, pH 3.0, 4.0, 5.0) and phosphate buffer (0.1 M, pH 6.0, 7.0, 8.0). To determine maximum reaction rates (Vmax) and kinetic parameters (Km) of free and immobilized cellulase, the activity assays were performed in different CMC concentrations. Vmax and Km of cellulase was obtained by nonlinear regression.
The thermal stability of cellulase was investigated by incubating the free and immobilized enzyme from 30 to 180 min at optimal pH and at 50 °C. At certain time intervals, samples were withdrawn, and residual activity was measured under standard assay conditions. The half-life (t1/2) of cellulase at 50 °C was determined using the following equation: t1/2 = 0.693/kd; kd*t = ln(E0/E) (2) where E0 is the initial cellulase activity, E is the residual cellulase activity after t min, and kd is the attenuation constant. The reusability of immobilized cellulase was investigated at the optimal pH and temperature. Each sample was performed in triplicate. The characterization data are presented as the averages of statistically relevant measurements with their associated standard deviation. 
